Evidence exists for a potential modulation of inflammasome activity by interferon beta. Here, we investigated the roles of inflammasomes [absent in melanoma 2 (AIM2); NLR family, CARD domain containing 4 (NLRC4); NLR family, pyrin domain containing 1 and 3 (NLRP1 and NLRP3)] and related cytokines (IL1B, IL10, IL18) in the response to interferon beta in patients with relapsing-remitting multiple sclerosis. Ninety-seven patients treated with interferon beta were classified into responders and non-responders according to clinical criteria after 24 months and clinical-radiological criteria after 12 months of treatment. Messenger RNA expression levels of inflammasomes and cytokines were determined by real-time polymerase chain reaction in peripheral blood mononuclear cells collected before treatment with interferon beta. In a subgroup of patients, NLRP3 and IL1B expression was also determined after 3 months (n = 32) and 12 months (n = 20) of interferon beta treatment. A polymorphism located in the NLRP3 gene, rs35829419, was genotyped in 789 multiple sclerosis patients treated with interferon beta. Baseline mRNA expression levels for NLRP3 and IL1B were increased in peripheral blood mononuclear cells from non-responders compared to responders classified according to clinical criteria after 24 months (P = 0.02 and P = 0.001, respectively). No significant differences were observed for other inflammasomes and related cytokines. Differences in NLRP3 and IL1B expression remained significant following a clinical-radiological classification after 12 months (P = 0.007 and P = 0.02, respectively). After treatment with interferon beta, NLRP3 and IL1B expression was increased in responders but unchanged in non-responders. A trend for association was observed between rs35829419 and interferon beta response (p M-H = 0.08). These results point to a role of the NLRP3 inflammasome and its related cytokine IL1B in the response to interferon beta in patients with relapsing-remitting multiple sclerosis.
Introduction
Inflammasomes are multi-oligomeric subunits that regulate maturation of pro-inflammatory cytokines such as IL1B and IL18 (Schroder and Tschopp, 2010) . At least four major inflammasomes have been identified: absent in melanoma 2 (AIM2), NLR family, CARD domain containing 4 (NLRC4), and NLR family, pyrin domain containing 1 and 3 (NLRP1 and NLRP3, respectively) (Schroder and Tschopp, 2010) . Inflammasomes are gaining increasing attention in multiple sclerosis and its animal model, experimental autoimmune encephalomyelitis. In experimental autoimmune encephalomyelitis, Nlrp3-deficient mice had reduced disease severity and a decrease of Th1 and Th17 cells in the peripheral lymphoid tissues and spinal cord (Gris et al., 2010; Inoue et al., 2012) . Similarly, in a cuprizone-induced demyelination model Nlrp3 gene expression was significantly upregulated and Nlrp3-deficient mice showed delayed demyelination and oligodendrocyte loss (Jha et al., 2010) . In another study, interferon beta (IFN-b) inhibited IL1B production in mouse bone marrow-derived macrophages through suppression of NLRP1 and NLRP3 inflammasome activity and IL10 induction (Guarda et al., 2011) . Furthermore, IL1B production was significantly reduced in blood monocytes isolated from IFN-b treated patients with multiple sclerosis compared to monocytes from healthy control subjects (Guarda et al., 2011) . In more recent studies, CD4 + CD45RO + memory T cells from patients with multiple sclerosis had reduced capacity to suppress NLRP3 inflammasome activation that was restored by treatment with IFN-b (Beynon et al., 2012) . Also, IFN-b may indirectly suppress the activation of the NLRP3 inflammasome via induction of IL27 by dendritic cells (Molle et al., 2010; Mascanfroni et al., 2013) .
In view of this relationship between inflammasomes and experimental autoimmune encephalomyelitis disease course, and particularly the potential regulation of inflammasome activity by IFN-b, one of the most widely prescribed disease modifying therapies for relapsing-remitting multiple sclerosis, in the present study we aimed to address the roles of inflammasomes (NLRP3, NLRP1, NLRC4, and AIM2) and related cytokines (IL1B, IL10, IL18) in the response to IFN-b in patients with multiple sclerosis.
Materials and methods

Study design
The main, prospective part of the study included patients with relapsing-remitting multiple sclerosis treated with IFN-b at the outpatient clinic of the Centre d'Esclerosi Multiple de Catalunya (Cemcat). Patients were included in a follow-up protocol collecting basal and longitudinal clinical and radiological data, as previously described (Río et al., 2006 . The study was approved by the local ethics committee, and all patients gave their informed consent.
Clinical criteria of response to IFN-b therapy
Clinical criteria of response to IFN-b were applied after 2 years of treatment. Responders were patients having no relapses and no increase in the Expanded Disability Status Scale (EDSS) score over the follow-up period. Non-responders were patients having one or more relapses and an increase of at least 1 point in the EDSS score confirmed at 6 months during the follow-up period. Intermediate response phenotypes, i.e. presence of relapses with an increase of 51 point in the EDSS score, or absence of relapses with an increase in the EDSS score of 1 point or higher, were considered intermediate responders.
Ninety-seven patients with relapsing-remitting multiple sclerosis were included in the study. Of these, 48 (49.5%) were responders, 22 (22.7%) non-responders, and 27 (27.8%) were intermediate responders to IFN-b . None of these patients had ever received treatment with IFN-b or other immunosuppressive therapy before study entry. No patient had clinical exacerbations or received corticosteroid treatment during the month before initiation of IFN-b.
A control group of 14 individuals was also included in the study, for comparison purposes. Table 1 summarizes demographic and main clinical characteristics of patients and controls included in the study. patients satisfying two or three of the following criteria: (i) presence of one or more relapses; (ii) increase of one or more points in the EDSS score; and (iii) presence of three or more active lesions (new or enlarging T 2 lesions or gadolinium enhancing lesions) on the 1-year brain MRI. The remaining patients were considered IFN-b responders. Sixty-nine patients (71.1%) were classified as responders and 28 patients (28.9%) as non-responders.
Messenger RNA expression levels of inflammasomes and related cytokines in peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) from patients with relapsing-remitting multiple sclerosis and healthy controls were isolated by Ficoll-Isopaque density gradient centrifugation (Gibco BRL, Life Technologies) and stored in liquid nitrogen until used. To perform an initial selection of the inflammasomes and cytokines associated with the response to IFN-b, mRNA expression levels for AIM2, NLRC4, NLRP1, NLRP3, IL10, IL1B and IL18 were first determined in a subgroup of 53 patients with relapsing-remitting multiple sclerosis (26 responders, 15 non-responders, 12 intermediate responders) and 14 healthy control subjects. In a second phase of the study, gene expression levels for NLRP3 and IL1B were interrogated in the whole cohort of 97 patients with relapsingremitting multiple sclerosis.
Determinations were performed in PBMC collected at baseline before treatment with IFN-b. In a subgroup of relapsing-remitting multiple sclerosis patients with PBMC samples available at later time points of IFN-b treatment, NLRP3 and IL1B gene expression levels were also investigated after 3 months (n = 32; 21 responders and 11 non-responders) and 12 months (n = 20; 12 responders and eight non-responders) of treatment. As shown in Supplementary Table 1, these subcohorts were representative of the whole cohort of 97 patients with relapsing-remitting multiple sclerosis.
Messenger RNA expression levels for AIM2, NLRC4, NLRP1, NLRP3, IL10, IL1B and IL18 were determined by real-time PCR using TaqMan Õ probes specific for each gene (Applied Biosystems). Briefly, total RNA was extracted from PBMC using an RNeasy Õ kit (Qiagen) and cDNA synthesized using the High Capacity cDNA Archive kit (Applied Biosystems). The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control (Applied Biosystems). Assays were run on the ABI PRISM Õ 7900HT system (Applied Biosystems) and data were analysed with the 2 À ÁÁCT method (Livak and Schmittgen, 2001) . Results were expressed as fold-change in gene expression in non-responders, intermediate responders, and healthy control subjects relative to responders (calibrators).
Quantification of IL1B levels in serum samples by ELISA Levels of IL1B were measured in serum samples from a subgroup of 64 patients with relapsing-remitting multiple sclerosis, 28 responders, 20 intermediate responders, and 16 non-responders that were collected at the same time as the PBMC used in the expression study. Peripheral blood was collected by standard venipuncture and allowed to clot spontaneously for 30 min. Serum was isolated by centrifugation and stored frozen at À 80 C until used. IL1B levels were measured in serum samples by means of a commercially available ELISA (Human IL1B ELISA; R&D Systems). Samples were measured in duplicate in undiluted serum samples. The intra-assay and inter-assay coefficients of variation were 6.0% and 9.3%, respectively. 
Genotyping of NLRP3 polymorphism
Genomic DNA from peripheral blood samples was obtained using standard methods from 789 multiple sclerosis patients classified according to the same clinical criteria of response to IFN-b treatment as described above. A total of 403 patients (51.1%) were labelled as responders and 386 patients (49.9%) as non-responders. Genotyping of rs35829419 was performed by means of the 5' nuclease assay technology for allelic discrimination using fluorogenic TaqMan Õ probes on a 7900 Applied Biosystems machine. Rs35829419 was commercially available from Applied Biosystems through the Assay-onDemand service. All cohorts used in the study were genotyped in one single centre (Cemcat). Supplementary Table 2 summarizes demographic and baseline clinical details of the patient cohorts included in the study.
Statistical analysis
Statistical analysis was performed by using the SPSS 17.0 package (SPSS Inc) for MS-Windows. Comparisons of mRNA expression levels for inflammasomes and related cytokines between responders and non-responders at baseline and between baseline and the IFN-b treated time points were analysed using unpaired and paired Student's t-tests, respectively. P-values 5 0.05 were considered statistically significant. Allele frequencies of the NLRP3 polymorphism were compared between IFN-b responders and non-responders taking into account possible stratification due to different population origin using the Cochran-Mantel-Haenszel test performed with standard software (Review Manager RevMan v.5.0). For the Mantel-Haenszel analysis, odds ratios (OR) and 95% confidence intervals (CI) were calculated by using raw data for each cohort and for the pooled population. The Der Simonian and Laird random effects model was used according to the results of the tests of heterogeneity. The combined effect for heterogeneity was calculated by estimating the inverse variance, P-value 5 0.10 and the I 2 statistic with a cut-off point of 25%, which defined a significant degree of heterogeneity. The effect of each cohort was weighted for the total number of patients included. A sensitivity analysis was performed to test the relative influence of each cohort on the results. Cohorts were sequentially dropped, and the effect on the change in the overall degree of heterogeneity was then determined.
Results
Messenger RNA expression levels of NLRP3 and IL1B are increased in PBMC from non-responders at baseline First, we aimed to identify a potential relationship between inflammasomes and related cytokines and the response to IFN-b. To this end, AIM2, NLRC4, NLRP1, NLRP3, IL10, IL1B and IL18 expression levels were determined before treatment with IFN-b in PBMC from a subgroup of 53 patients with relapsing-remitting multiple sclerosis and 14 healthy control subjects.
As shown in Fig. 1A , significant differences were only observed for NLRP3, and mRNA expression levels for this gene were increased in PBMC from non-responders compared to responders (P = 0.038). Further comparisons of NLRP3 expression levels between non-responders and intermediate responders or healthy control subjects were not statistically significant.
When inflammasome-related cytokines were compared among groups, significant differences were only observed for IL1B, and mRNA expression levels for this gene were increased in non-responders compared with responders (P = 0.006) and healthy controls (P = 0.007) (Fig. 1B) . Comparisons of mRNA expression levels for IL10 and IL18 did not reveal statistically significant differences between responders and non-responders (Fig. 1B) .
Based on these results, in a second phase of the study, NLRP3 and IL1B mRNA expression levels were measured at baseline in the whole cohort of 97 patients with relapsing-remitting multiple sclerosis. As shown in Fig. 2A , NLRP3 and IL1B expression levels remained significantly higher in PBMC from non-responders compared to responders (P = 0.022 and P = 0.001, respectively). Expression levels for IL1B were also higher in PBMC from non-responders compared with the intermediate responders group (P = 0.024; Fig. 2A) .
Interestingly, these differences in baseline gene expression levels between responders and non-responders were maintained regardless of the IFN-b response criteria used to classify patients, and NLRP3 and IL1B were found to be significantly higher in PBMC from non-responders compared with responders following a clinical-radiological classification of patients with relapsing-remitting multiple sclerosis after 12 months of IFN-b treatment (P = 0.0076 and P = 0.022, respectively; Fig. 2B ).
To investigate whether IL1B mRNA expression findings in PBMC were also observed at the protein level, IL1B was measured in serum samples from a subgroup of 64 patients with relapsing-remitting multiple sclerosis by ELISA. IL1B levels were detected in serum samples of six non-responders [38%; mean levels (standard deviation): 25.8 ng/ml (30.7)], four intermediate responders [20%; mean levels: 16.9 ng/ml (12.3)], but in none of the 28 serum samples from responders (data not shown).
NLRP3 and IL1B expression is increased in responders but unchanged in non-responders after IFN-b treatment
As shown in Fig. 3 , after 3 and 12 months of IFN-b treatment, trends towards increased mRNA expression levels for NLRP3 and IL1B were observed in PBMC from responders when compared with the baseline time points (for NLRP3: P = 0.079 and P = 0.062 after 3 and 12 months of treatment, respectively; for IL1B: P = 0.059 and P = 0.050 after 3 and 12 months of treatment, respectively). In contrast, in non-responders, investigation of NLRP3 and IL1B expression levels after treatment revealed either no changes in NLRP3 expression (P = 0.248 and P = 0.889 after 3 and 12 months, respectively) and IL1B expression (P = 0.575 after 12 months), or a trend towards decreased IL1B levels at 3 months compared with baseline (P = 0.091) (Fig. 3) .
NLRP3 rs35829419 polymorphism showed borderline association with the response to IFN-b
The NLRP3 rs35829419 in exon 3 (Q705K) was genotyped in 789 patients with relapsing-remitting multiple sclerosis, 402 responders and 387 non-responders, from 11 independent relapsing-remitting multiple sclerosis cohorts. No deviations from Hardy-Weinberg equilibrium were observed for this polymorphism across cases (P 4 0.05). As summarized in the forest plot in Fig. 4 , none of the tested cohorts showed independent association of the rs35829419*A allele with the response to IFN-b therapy, although apparent heterogeneity was evidenced (Fig. 4 and Table 2 ; I 2 = 33%). After a sensitivity analysis, heterogeneity was eliminated by excluding the Má laga cohort (Fig. 4 and Table 2 ; I 2 = 0%) and the overall meta-analysis by a Mantel-Haenszel test revealed a trend for association between the NLRP3 rs35829419*A allele and the response to 
Discussion
Inflammasomes are protein complexes that can be activated by pathogen-associated molecular patterns (PAMPs), as well as damage-associated molecular patterns (DAMPs) (Lamkanfi, 2011) . They are known to sense a wide range of stimuli including bacteria, fungi, extracellular ATP, amyloid-b and uric acid, as well as various environmental irritants, such as silica, asbestos and alum (Jin and Flavell, 2010) . Recent studies have suggested a potential modulation of inflammasome activity by IFN-b in patients with relapsing-remitting multiple sclerosis (Guarda et al., 2011; Beynon et al., 2012) . However, these studies did not specifically address the role of inflammasomes in the response to treatment. Bearing this in mind, we measured the expression of the four major inflammasomes (AIM2, NLRC4, NLRP1, NLRP3) and related cytokines (IL1B, IL10, IL18) in PBMC from patients with relapsing-remitting multiple sclerosis classified according to their clinical response to IFN-b. Only the NLRP3 inflammasome and its related cytokine IL1B were found to play a role in the response to IFN-b, based on the finding of a significant increase in the mRNA expression levels of NLRP3 and IL1B in PBMC from non-responders compared to responders at baseline. The NLRP3 inflammasome, also known as NALP3 or CIAS1, is currently the most fully characterized inflammasome and is comprised of three different proteins: NLRP3, adapter protein apoptosis-associated speck-like protein (ASC), and procaspase-1 (Inoue and Shinohara, 2013) . Oligomerization of the NLRP3 inflammasome heterotrimer unit leads to procaspase-1 self-cleavage to generate activated caspase-1, which sequentially processes maturation of IL1B and IL18 and elicits rapid release of these inflammatory cytokines and pyroptosis by inflammasomes (Inoue and Shinohara, 2013) .
Clinical criteria of response to IFN-b were applied after 2 years of follow-up based on the presence of relapses and increase in the EDSS, a classification used by the group in previous studies (Comabella et al., 2009; Bustamante et al., 2011) . It is important to emphasize that NLRP3 and IL1B findings were still present following the classification of relapsing-remitting multiple sclerosis patients according to different response criteria that incorporated radiological information and shorter follow-up time . In this regard, gene expression levels of NLRP3 and IL1B remained significantly higher in PBMC from non-responders compared to responders classified after 1 year of treatment according to the presence of relapses, progression on the EDSS score, and MRI activity. This 'survival' in significant findings regardless of the response criteria used to classify patients possibly reinforces the role of the NLRP3 inflammasome and IL1B in the response to IFN-b.
A critical point in IFN-b response studies is whether proposed biomarkers are in fact true response biomarkers or they simply reflect differences in disease activity between responders and non-responders. The finding of higher NLRP3 and IL1B expression levels in PBMC collected at baseline supports a role of these molecules as disease activity biomarkers. This view may be further sustained by studies in experimental autoimmune encephalomyelitis showing reduced disease severity in Nlrp3-deficient mice (Gris et al., 2010; Inoue et al., 2012) . However, studies in PBMC from patients with multiple sclerosis receiving treatment showed a differential effect of IFN-b in the mRNA expression levels of NLRP3 and IL1B in responders and non-responders, findings that support their role also as IFN-b response biomarkers. In a previous study, IL1B production was found to be reduced in blood monocytes from multiple sclerosis patients treated with IFN-b (Guarda et al., 2011) . In our study, although baseline expression levels for NLRP3 and IL1B were significantly increased in PBMC from non-responders, the degree of induction in gene expression observed for these genes after IFN-b treatment was much higher in responders than in non-responders, where expression levels were unchanged or even decreased. This behaviour in NLRP3 and IL1B expression between responders and non-responders is somehow similar to the one observed for type I IFN responsive genes following IFN-b treatment (Comabella et al., 2009) . How this differential effect of IFN-b in NLRP3 and IL1B expression relates to therapeutic outcome merits further investigation. Considering the key role of IL1B in the generation of Th17 cells (Lasigliè et al., 2011) , it would be worthwhile for future research to explore the IL23/IL17 axis in peripheral blood from responders and non-responders. In addition, one potential explanation for this differential effect is the trend for association with the response to IFN-b observed for rs35829419.
The Q705K polymorphism (rs35829419) located in exon 3 of the NLRP3 gene is a gain-of-function alteration leading to an overactive NLRP3 inflammasome. IL1B levels were found to be elevated in cells transduced with NLRP3-705K compared to NLRP3-WT (Verma et al., 2012) . This observation supported the assertion that rs35829419 was indeed functional in relation to IL1B production. Different alleles of the NLRP3 rs35829419 polymorphism have previously shown protective effects in autoimmune diseases such as Crohn's disease (Roberts et al., 2010) and coeliac disease (Pontillo et al., 2011) , with either the major (C) or the minor (A) allele leading to protection, respectively. In our study, the higher frequency of the rs35829419*A allele observed in responders compared with non-responders may explain the differential increase in NLRP3 and IL1B expression induced by IFN-b in PBMC from patients who will respond to treatment. However, these findings require further confirmation in larger cohorts of patients.
Taken together, the results from the present study point to a role of the NLRP3 inflammasome and its related cytokine IL1B in the response to IFN-b in patients with relapsing-remitting multiple sclerosis. It is important to mention at this point that the regulation of IL1B by the NLRP3 inflammasome occurs at the post-translational level, and hence the contribution of other factors such as NF-B to the transcriptional differences observed for IL1B cannot be completely ruled out.
Finally, findings in treated patients with multiple sclerosis also suggest a differential effect of IFN-b in NLRP3 and IL1B expression in PBMC from responders and non-responders, which might be related to the subsequent response outcome to IFN-b.
